Introduction The aim of this study was to introduce and assess a new magnetic resonance (MR) technique for selective peripheral nerve imaging, called "subtraction of unidirectionally encoded images for suppression of heavily isotropic objects" (SUSHI). Methods Six volunteers underwent diffusion-weighted MR neurography (DW-MRN) of the brachial plexus, and seven volunteers underwent DW-MRN of the sciatic, common peroneal, and tibial nerves at the level of the knee, at 1.5 T. DW-MRN images with SUSHI (DW-MRN SUSHI ) and conventional DW-MRN images (DW-MRN AP ) were displayed using a coronal maximum intensity projection and evaluated by two independent observers regarding signal suppression of lymph nodes, bone marrow, veins, and articular fluids and regarding signal intensity of nerves and ganglia, using five-point grading scales. Scores of DW-MRN SUSHI were compared to those of DW-MRN AP using Wilcoxon tests.
Introduction
Magnetic resonance (MR) imaging provides high-resolution and excellent soft tissue contrast, making it a very useful modality to evaluate peripheral nerves [1] [2] [3] [4] . However, MR sequences that are commonly used in clinical practice such as T1-and (fat-suppressed) T2-weighted imaging are not capable of visualizing peripheral nerves over a long trajectory because of the close anatomic relationship between peripheral nerves and other structures with similar signal intensities on these sequences (e.g., surrounding muscle bundles exhibit low signal intensity on T1-weighted imaging and vascular structures exhibit high signal intensity on T2-weighted imaging) [1] [2] [3] [4] . Consequently, image interpretation can be time-consuming, and lesions may be missed due to the fact that many slices in different planes have to be evaluated. In addition, although it has been reported that it is possible to visualize peripheral nerves over a long trajectory if T1-weighted 3D datasets are acquired and displayed using curved multiplanar reconstructions [5] , such an approach requires time-consuming postprocessing steps. To overcome the drawbacks of conventional MR sequences, diffusion-weighted MR neurography (DW-MRN) was recently introduced [6] . In DW-MRN, peripheral nerves are highlighted and can be visualized over long trajectories, while most background body signals are suppressed thanks to the use of heavy diffusion-weighting and fat suppression [6] . Note that DW-MRN is different from diffusion tensor imaging (DTI) in that it is just imaging of nerves and does not track the anisotropy of nerves [6] . Extending this concept to the entire body even allows whole-body MR neurographic imaging [7] . However, selective visualization of peripheral nerves has not been achieved yet because several normal structures, such as bone marrow and lymph nodes (e.g., around the brachial plexus) and veins with slow blood flow and articular fluids (e.g., around the common peroneal and tibial nerves at the level of the knee), maintain a high signal intensity at DW-MRN [6, 7] . The purpose of this study was to introduce and assess the utility of the "subtraction of unidirectionally encoded images for suppression of heavily isotropic objects" (SUSHI) technique for more selective visualization of peripheral nerves at DW-MRN.
Materials and methods

Study participants
This study was approved by the local institutional review board, and written informed consent was obtained from all participants. Six healthy volunteers (three men and three women; mean age, 27 years; age range, 21-48 years) underwent DW-MRN of the brachial plexus, and seven other healthy volunteers (five men and two women; mean age, 29 years; age range, 24-47 years) underwent DW-MRN of the sciatic, common peroneal, and tibial nerves at the level of the knee. Exclusion criteria were general contraindications to MR imaging, such as implanted pacemaker and claustrophobia.
SUSHI technique
It has been shown that diffusion is anisotropic in the human nervous system, including the peripheral nerves [8] [9] [10] [11] . In other words, diffusion is more impeded perpendicular to the course of the nerves, while the highest diffusivity can be expected parallel to the course of the nerves. For this reason, the highest signal intensity of the peripheral nerves can be obtained by applying only one pair of motion probing gradients (MPGs) perpendicular to the course of the nerves, while signal intensity of the peripheral nerves is the lowest when applying MPGs parallel to the course of the nerves; this was recently confirmed in studies on DW-MRN of the sacral plexus [12] and sciatic nerve [13] . On the other hand, many structures that surround the nerves, including lymph nodes, bone marrow, veins with slow blood flow, and articular fluids, always exhibit a relatively high signal intensity, regardless of the applied direction of MPGs [12] . Based on these facts [8] [9] [10] [11] [12] [13] , it can be hypothesized that selective visualization of peripheral nerves can be achieved by subtracting one DW-MRN dataset obtained with only one pair of MPGs parallel to the course of the nerves from another DW-MRN dataset obtained with a pair of MPGs perpendicular to the course of the nerves. This technique was called SUSHI.
MR imaging
Six volunteers underwent DW-MRN of the brachial plexus, and seven other volunteers underwent DW-MRN of the sciatic, common peroneal, and tibial nerves at the level of the knee using a 1.5-T MR system (Achieva, Philips Healthcare, Best, The Netherlands) with either a fourelement (n=1), an eight-element (n=7), or an 18-element (n= 5) phased-array surface coil for signal reception. Postprocessing DW-MRN images with SUSHI (DW-MRN SUSHI ) were created by subtracting the axial source dataset acquired using MPGs in the superior-inferior direction only (DW-MRN SI ) from the axial source dataset acquired using MPGs in the anterior-posterior direction only (DW-MRN AP ) by means of software implemented in the standard console of the MR system. Subsequently, axial DW-MRN SUSHI and axial DW-MRN AP images were displayed in the coronal plane using a maximum intensity projection (MIP). Grayscale inversion was applied.
Image analysis
Coronal MIP DW-MRN SUSHI and DW-MRN AP images were independently evaluated by two radiologists (T.T. and T.N., with 20 and 12 years of experience in MR imaging interpretation, respectively). Any information regarding the applied MR sequence was removed from all images, and images were evaluated in a random order.
First, signal suppression of lymph nodes and bone marrow (for DW-MRN of the brachial plexus) and signal suppression of veins and articular fluids (for DW-MRN of the sciatic, common peroneal, and tibial nerves at the level of the knee) were assessed separately using a fivepoint grading scale (1 = very poor suppression, structure of interest [i.e., lymph nodes, bone marrow, veins, or articular fluids] shows very high signal intensity relative to that of surrounding fat; 2 = poor suppression, structure of interest shows high signal intensity relative to that of surrounding fat; 3 = moderate suppression, structure of interest shows moderately high signal intensity relative to that of surrounding fat; 4 = good suppression, structure of interest shows only slightly higher signal than surrounding fat; 5 = very good suppression, structure of interest shows no or a very low signal intensity, equal to that of surrounding fat).
Second, signal intensity of the nerves (for both DW-MRN of the brachial plexus and DW-MRN of the sciatic, common peroneal, and tibial nerves at the level of the knee) and signal intensity of the ganglia (for DW-MRN of the brachial plexus only) were assessed separately using another five-point grading scale (1 = very poor signal intensity, structure of interest [i.e., nerves or ganglia] shows no or a very low signal intensity, equal to that of surrounding fat; 2 = poor signal intensity; structure of interest shows only slightly higher signal intensity relative to that of surrounding fat; 3 = moderate signal intensity, structure of interest shows moderately high signal intensity relative to that of surrounding fat; 4 = good signal intensity, structure of interest shows high signal intensity relative to that of surrounding fat; 5 = very good signal intensity, structure of interest shows very high signal intensity relative to that of surrounding fat).
Statistical analysis
Because of the use of data on an ordinal scale, scores were expressed as medians with ranges and compared using 
Results
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Results are displayed in Tables 1 and 2 Fig. 3 and Movie clip 1. (including lymph nodes and bone marrow) maintain their high signal intensity. In DW-MRN SUSHI (c, f) nerves of the brachial plexus are selectively visualized because of efficient subtraction of surrounding structures of isotropic diffusivity. However, note some degree of signal loss of the brachial plexus. Furthermore, note that ganglia are also suppressed due to their isotropic diffusivity and that slight residual signal from insufficiently suppressed lymph nodes can be seen (curved arrows), probably due to motion of the subject during image acquisition or due to image distortion originated from eddy current, resulting in imperfect subtraction Discussion DW-MRN is a recently introduced technique for peripheral nerve imaging [6, 7] . A major advantage of this technique over conventional (T1-and [fat-suppressed] T2-weighted) MR sequences is its capability to visualize nerves over long trajectories because of excellent suppression of background structures such as fat, muscles, and vascular structures [6, 7] . Nevertheless, although many unwanted structures are suppressed at DW-MRN, several normal structures that have a relatively long T2 value and an impeded diffusion (among which lymph nodes, bone marrow, veins with slow blood flow, and articular fluids) maintain a high signal intensity [6, 7] . The presence of these structures in the near proximity of the nerves and superimposition of these structures on the nerves on projection images may hinder the evaluation of the nerves.
Because of the diffusion anisotropy of the human nervous system [8] [9] [10] [11] -o) ), displayed using coronal MIPs. Images were acquired using a dedicated neurovascular 18-element phased-array surface coil. DW-MRN AP (a, d, g, j, m) shows the brachial plexus, lymph nodes (arrowheads #1), bone marrow (arrowheads #2), and tonsils (arrowheads #3), with some degree of overprojection between the brachial plexus and several surrounding structures. In DW-MRN SI (b, e, h, k, n), nerves of the brachial plexus are not or poorly visualized due to their diffusion anisotropy while other structures maintain their high signal intensity. In DW-MRN SUSHI (c, f, i, l, o) nerves of the brachial plexus are selectively visualized. Again, note some degree of signal loss of the brachial plexus that ganglia (encircled in a, d, g, j, m) are also suppressed due to their isotropic diffusivity and that slight residual signal from insufficiently suppressed lymph nodes can be seen in some cases (curved arrows) the nerves [12, 13] . On the other hand, applying different directions of MPGs does not affect signal intensity of surrounding normal structures, such as lymph nodes and bone marrow, because these structures exhibit an isotropic diffusivity. The proposed SUSHI technique exploits the difference in diffusion (an)isotropy between the nerves and surrounding structures and provides an "anisotropy-enhanced" image. The results of the present study show that DW-MRN SUSHI provides a significantly better suppression of lymph nodes and articular fluids surrounding the nerves than conventional (unsubtracted) DW-MRN AP . Although there was only a trend toward better suppression of bone marrow surrounding the brachial plexus at DW-MRN SUSHI compared to that at DW-MRN AP , this can be explained by the fact that not all volunteers had high signal intensity bone marrow at DW-MRN AP (note that this condition is probably related to the amount of hematopoietic bone marrow [14] ). On the other hand, suppression of veins at the level of the knee at DW-MRN SUSHI was not significantly better than that at DW-MRN AP .
Although the proposed SUSHI technique can be regarded as an important step forward toward selective peripheral nerve imaging, it has several disadvantages.
First, inherent signal loss of the nerves occurs because of the use of a subtraction method. Nevertheless, overall signal intensity of the brachial plexus nerves at DW-MRN SUSHI was still graded as "moderate" and that of the sciatic, common peroneal, and tibial nerves at the level of the knee was even graded as "good" to "very good". Furthermore, signal may be improved by increasing the number of excitations. A second drawback of the SUSHI method is that it does not effectively visualize nerves that have a course that is not parallel to the direction of the second pair of MPGs. In the present study, signal intensity of brachial plexus nerves at DW-MRN SUSHI was moderate and significantly lower than that at DW-MRN AP . Conversely, signal intensity of the common peroneal and tibial nerves at the level of the knee at DW-MRN SUSHI was good to very good and significantly better than that at DW-MRN AP . This discrepancy can be explained by differences in signal intensity of the nerves at DW-MRN SI that should work as "subtraction mask". Since the common peroneal and tibial nerves at the level of the knee run superiorinferiorly, they do not show any signal at DW-MRN SI , resulting in a good visualization of these nerves at DW-MRN SUSHI (note that nerve signal is well maintained at DW-MRN AP ). Conversely, since the brachial plexus courses under an angle of approximately 45°to the superior-inferior direction, it's suppression is not perfect at DW-MRN SI , which causes a subtraction error at DW-MRN SUSHI (note that the maintenance of nerve signal is moderate at DW-MRN AP ). Instead of applying MPGs in only two different directions, this problem may be solved by applying a higher number of directions of MPGs that can be used for subtraction [13] . However, such an approach will increase scan time. Third, imperfect subtraction between the DW-MRN dataset acquired with MPGs perpendicular to the nerves from the DW-MRN dataset with MPGs parallel to the course of the nerves may occur in case of patient motion and/or image distortion due to the use of single-shot EPI. This, in turn, will lead to imperfect suppression of objects with an isotropic diffusivity. The development of a distortion correction technique may, in part, solve this problem. A fourth disadvantage is that brachial plexus ganglia were almost completely suppressed at DW-MRN SUSHI , probably because of the isotropic diffusivity of these structures or because of their left-right orientation. However, this problem can be solved when interpreting DW-MRN SUSHI along with conventional (unsubtracted) DW-MRN since ganglia are not suppressed using the latter. Of note, when acquiring DW-MRN with two directions of MPGs, both a high-quality conventional (unsubtracted) DW-MRN dataset and a SUSHI (subtracted) DW-MRN dataset (enabling selective imaging of peripheral nerves) can be obtained in a clinically acceptable examination time. This is well illustrated by the fact that total scan time for either DW-MRN of the brachial plexus or DW-MRN of the sciatic, common peroneal, and tibial nerves at the level of the knee was less than 6 min. Combined with conventional DW-MRN [6, 7] , the proposed SUSHI technique has the potential to improve diagnosing peripheral nerve disease, optimize lesion localization, and allow a faster and more straightforward evaluation of the extent of disease than electrophysiological studies and conventional (T1-and [fat-suppressed] T2-weighted) MR sequences [1] [2] [3] [4] . Importantly, although acquired DW-MRN datasets (without and with SUSHI) can be postprocessed to create visually appealing MIP images for review with referring physicians, source data should always be carefully reviewed as they provide the maximum diagnostic information. It may be argued that a sophisticated MIP postprocessing procedure, called soap-bubble MIP, may be used instead of the SUSHI technique to eliminate unwanted normal structures surrounding the nerves in DW-MRN [6] . However, this approach requires extra postprocessing time, and it may not be successful when nerves are closely encompassed by surrounding structures. Other postprocessing techniques have been described that may provide nice depictions of the peripheral nerves [5, 15] . However, a clear advantage of the proposed SUSHI technique over these other techniques [5, 6, 15] is that the former one does not require any extensive postprocessing time and may be easier to implement in clinical practice. Furthermore, it should be acknowledged that only healthy volunteers and no pathologic cases were included in this study. Since the SUSHI technique reduces nerve conspicuity, it is possible that this may also reduce detectability of diffusion abnormalities in pathologic nerves. In some types of nerve pathology such as traumatic nerve injury, lesions may lose their anisotropy and the SUSHI technique would actually remove the structures in this case. Furthermore, pathologic nerve compression may result in deviation of the course of the nerves as a result of which the MPGs may not be correctly positioned anymore relative to the nerves. Again, this may lead to signal loss of the nerves at DW-MRN SUSHI . On the other hand, the disappearance of nerve signal at DW-MRN SUSHI does not necessarily have to be a disadvantage. In fact, it may even provide some kind of diagnostic information, analog to the use of fractional anisotropy measurements at DTI [16] . Further exploration with this technique in patients with peripheral nerve pathology (i.e., nerve degeneration, nerve trauma, and nerve tumors) is needed to assess its clinical value.
In this study, any information regarding the applied MR sequence was removed from all images, and images were evaluated in a random order. However, it should be acknowledged that it is not unlikely that the observers could recognize the type of images under evaluation and that this may have introduced some bias.
In conclusion, the proposed SUSHI technique provides an anisotropy-enhanced image, highlighting structures with anisotropic diffusivity, while suppressing structures with a highly isotropic diffusivity. The SUSHI technique allows more selective visualization of the sciatic, common peroneal, and tibial nerves at the level of the knee but is less useful for brachial plexus imaging because signal intensity of the brachial plexus nerves and ganglia can considerably be decreased. 
